The development of responsive/dynamic building envelope technologies, adapting to transient external and internal boundary conditions, is considered a crucial step towards the achievement of the ZEB target. Current building energy simulation tools only include models for established responsive technologies, and the controls of either the HVAC system or active technologies is still based on rule based control. Therefore there is a limited capability of evaluating the full potential of state-of-the-art and more innovative responsive building envelope technologies, and to design optimal controls for integration with building services. This paper presents a simulation framework for the evaluation of dynamic building envelope technologies and controls. The tool developed is based on an inverse method, by which the required time series of thermo-optical properties of a building envelope element can be identified on the basis of a required level of performance (i.e. energy and/or comfort requirements). This relies on a building energy simulation software (EnergyPlus), coupled with an optimisation and a control software. The capabilities of the tool are demonstrated by means of a case study, optimizing the control strategy and the thermo-optical properties of stateof-the-art and innovative electro-chromic smart glazing, for a typical enclosed office.
Introduction
There have been different research efforts to: evaluate the benefits of adopting state-of-the-art [1] and more innovative smart glazing technologies [2] , and in general of adaptive facades [3] , in terms of energy saving and improved environmental comfort; and to identify the ideal time dependent thermo-optical properties of smart glazing, and in general of responsive building envelope elements. These studies are either not supported by simulation [4] , or based on modelling approximations [2, 5] , representing a barrier to the building integration of such technologies. This barrier is mainly due to the inability of current building performance simulation (BPS) tools to correctly evaluate the performance of building integrated adaptive envelope technologies. In fact BPS tools present two main limitations as far as the simulation of adaptive components is concerned: (1) they only include models for relatively established responsive technologies, wherein the thermo-physical properties of the building envelope cannot be changed during the simulation runtime; (2) the level of modelling the control of either building services or of active adaptive technologies is not able to correctly integrate active adaptive technologies with building services, as it is based on rule based control and, in some cases, it is not possible to simulate intermediate states of the adaptive technology in the modulation range. The aim of the present work is to develop a tool that overcomes the issues presented above and is therefore able to evaluate the energy and comfort performance of different building integrated adaptive envelope technologies (either passive and active, transparent and opaque). The tool can be used for different aims / applications: a) evaluate the achievable performance of adaptive envelope materials, technologies and concepts; b) to devise ideal/optimal range of adaptive thermo-optical properties of adaptive envelope material and technologies; c) to optimise the control of building integrated adaptive envelope technologies and concepts. In section 2 the method and the simulation tool are described. In section 3 an application case study on smart glazing is presented, which demonstrates the three abovementioned applications of the tool. Section 4 presents and discusses the results from the case study.
Description of the simulation framework
An inverse methodology, consisting of evaluating which is the time series of dynamic building envelope thermooptical properties in order to obtain a desired performance, appears to be the most suitable method in order to achieve the afore-mentioned aims [3] , therefore this is adopted as the method on which the simulation framework in this work is based on. However its implementation is constrained by the following limitations of current BPS tools: a) capability of simulating varying building envelope properties; b) capability of explicitly setting the initial boundary conditions of the system (state update), i.e. the initial conditions of subsequent optimisation; c) capability of implementing receding horizon control (RHC), i.e. minimising the effect of varying material properties on future energy consumption; d) integration of building services control with dynamic building envelope control. A simulation framework was specifically developed to overcome the afore-mentioned limitations of BPS tools. This framework (Fig. 1) integrates an evaluation module with the task of evaluating one or more cost functions (building energy simulation software EnergyPlus [6] ), an optimisation module optimising the time series of dynamic thermooptical properties (GenOpt [7] ), and a control module (in Matlab [8] ) designed to overcome the afore-mentioned issues of the specific BPS evaluation module. In the evaluation module the Energy Management System (EMS) of EnergyPlus [6] is employed to accomplish different tasks: a) varying the thermo-optical properties of a material or a construction during simulation runtime according to a pre-determined control strategy; b) integrating the control of the dynamic building envelope with the artificial lighting system; c) computing the variables used for building services integration in task b) (i.e. illuminance level at a certain point and glare); d) computing the cost functions and the constraints used by the optimisation module (i.e. total primary energy, thermal comfort, visual comfort, constraints of variable space). The tool can be used to simulate different dynamic materials and technologies according to a pre-determined control strategy (task a), by invoking the EMS system in EnergyPlus. When a dimming lighting system is employed, in order to control the artificial lights accordingly to the pre-determined control strategy (task b) and c)) of the building envelope (i.e. modulate visible transmission of the glazing) a statistical surrogate model to determine illuminance and glare at a reference point is adopted. The detailed description and the validation of the surrogate model is herewith omitted for the sake of brevity. The control module (Matlab) automatically sets the inputs of the optimisation module and the evaluation module. These inputs include: the adaptive properties and their modulation ranges and time; the length of the optimisation horizon (i.e. the control window in each optimisation); the optimisation algorithm to use; the seeding of the optimisation process according to simpler control strategies or previously optimized states. The optimisation horizon consists of: a control horizon, the time frame in which the façade properties can be varied; and a cost horizon, the time taken into account for the evaluation of the cost function. This is required as the effects of modulating the glazing properties on the total energy consumption can extend beyond the time frame in which they are modulated. Explicit state update in EnergyPlus is not possible, therefore the Thermal History Management (THM) method [9] is adopted to set the initial boundary conditions of the building according to the ending boundary conditions of the previous optimisation. This method consists in re-simulating the system with previously optimised control for a certain time frame, called preconditioning period, before the beginning of the optimisationhorizon. By using this bespoke tool, the optimisation process involves the following key steps (Figure 1 ): A) a parametric EnergyPlus model with variable orientation, climate, control strategy, optimisation horizon and material properties is created; B) Matlab is used to set the different parameters of the model and the inputs for the optimisation; C) Matlab is used to elaborate the surrogate model to evaluate glare and illuminance levels; D) the parametric model and the seed for the optimisation are automatically fed to GenOpt, which generates alternative control sequences for the adaptive properties to be evaluated; E) the specific control sequence for the adaptive system and for the artificial lighting, together with the constraints on the cost function, are implemented into the EMS system of EnergyPlus; F) the cost function is evaluated by EnergyPlus and the results are returned to GenOpt; G) the results from the evaluations are used by GenOpt to define the optimal control strategy (time sequence of optimal façade properties); H) the results from each optimisation are returned from GenOpt to Matlab for THM, to generate the seed for the following optimisation and for the analysis of the results; I) Matlab shifts the optimisation horizon for a period equal to the control horizon and the sequence is repeated from B) to H) until the optimisation horizon reaches the end of the simulation period. This optimisation process requires the construction of the parametric EnergyPlus model (in A) the set-up of the initial parameters and optimisation inputs (in B), while the rest of the process is fully automated.
Description of the case study
In order to demonstrate the applicability of the software framework to both the optimisation of control strategy of existing adaptive technologies, and to the evaluation of the performance of more innovative adaptive technologies (for which a specific simulation model does not exist yet), a case study is presented. The case study concerns the evaluation of the total primary energy demand of a typical office room (3 m wide x 5 m deep x 3.5 m high) located in London, with an exposed South façade fitted with electro-chromic (EC) smart glazing (modulating the visible transmission, Tvis T T , and the solar heat gain coefficient, g-value, U-value = 1.1 W/m 2 K) for 40% of the exposed façade area, while the other 60% of the façade is opaque, meeting the minimum requirements set in the British national standards for the specific location (U-value = 0.15 W/m 2 K). The evaluation is performed for the hottest week in July according to the London Heathrow TMY (23 rd -30 th July). The room is flanked by identical offices on its other three , respectively, the occupation density is 0.111 person/m 2 . The heating plant has an average seasonal efficiency of 0.85, the cooling plant has a Seasonal Energy Efficiency Ratio of 3.5, the fuel factors are 1.026 for gas and 2.58 for electricity, according to British national regulations. The energy demand of the office room with three different electro-chromic (EC) DGU smart glazing panels with optimal controls is compared against traditional DGUs, and against the same EC smart glazing panels with demand rule based control strategy. In Figure 2 the variable optical properties (Tvis on y-axis, g-value on the x-axis) of the different DGUs evaluated are shown. Each possible state (indicated with numbers 1 to 4 for the grey data points) of the evaluated smart glazing technologies is represented by one large data point (black, grey and white data points). Each colour indicates a different EC glazing evaluated: grey for EC with luminous efficacy ke=2.2 (case 4 and 5); black for EC with improved ke=2.41 (case 6 and 7); white and grey for independently tunable visible-near infrared EC (case 8). The performance of these technologies is compared to commercially available DGUs (red, case 2, or blue data points, case 1), DGUs with internal shading device (venetian blind with reflectivity of 0.5 to control glare, case 3). Moreover in Figure 1 other technologies are shown for the sake of comparison: most of the commercially available DGUs (small grey data points), other EC DGU glazings (yellow continuous lines), more innovative EC [2, 10] (dashed coloured lines). Table 1 lists the different case studies evaluated (according to kind of glazing and control strategy). All DGUs evaluated have a U-value of 1.1 W/m 2 K. The "Reactive" control strategy indicates a control strategy based on demand management (minimisation of heating, cooling and lighting loads) and minimisation of glare, optimised for the specific climate location and orientation. In the "Reactive" control strategy the most transparent state respecting the glare requirements (GI<22) is adopted first (between 1 and 4 in Fig. 2) ; if no glare occurs, in the heating season, the clearest state is adopted (4 in Fig. 2) ; if no glare occurs, in the mid/cooling season, if the illuminance level on the work plane of 1000 lux is exceeded the second darkest state is adopted (2 in Fig. 2) , otherwise the second clearest state is adopted (3 in Fig. 2) . For case studies 4 to 7 the ke, is maintained constant (4 and 5 correspond to the best EC DGU in terms of ke commercially available, 6 and 7 correspond to the highest theoretically ke). For the case study 8 the EC technology is able to modulate its ke to minimize the total primary energy demand, modulating the visible and near infrared (NIR) portion of the solar energy transmitted independently, similarly to the technology developed in [10] . Current BPS tools would be unable to evaluate the case study 4 to 8 because of: their inability to perform RHC and to modulate the ke; inability to integrate intermediate states with artificial lighting system control. To evaluate the energy saving potential of a RHC strategy, the time series of optimal EC glazing states minimizing the energy demand needs to be evaluated, thus the following optimisation problem is solved with the developed tool: min X(t) is the time dependent vector of adaptive glazing properties (possible glazing states or variable space), f(X) is the total primary energy demand of the office room (consisting of heating, cooling and lighting primary energy demand), Z(X) is a penalty function (distance of the solution from the theoretical limit ke=2.41) introduced to constrain the variable space if needed, t corresponds to 1 hour, k is chosen such that the penalty function is one order of magnitude larger than the Ep. A hybrid algorithm, Particle Swarm Optimisation with Generalized Pattern Search with HookesJeeves implementation (GPSPSOCCHJ) was used for the optimisation [7] , as it provides the best performance (optimal results and optimisation runtime) compared to other global optimisation algorithms. A proper seeding strategy and discretization of the variable space was designed in order to achieve the best performance.
Results and conclusions
The results from all case studies are compared in terms of primary energy use (total and break up into heating, cooling and lighting) and in terms of indoor environmental quality. The latter is expressed by visual and thermal comfort. The first one is described by means of: daylight autonomy (DA), percentage of time (when office is occupied) with illuminance level between 100 and 2000 lux, higher values indicate more comfortable visual environment and reduced lighting energy use; glare index (GI), percentage of time (when office is occupied) with glare index below 22, higher percentage indicates more comfortable visual environment. Thermal comfort is described by means of the percentage of people dissatisfied (PPD) during occupation of the office, lower values correspond to more comfortable thermal environment. The performance during the simulated week for all case study is detailed in Table 2 , as far as energy use and indoor environmental quality is concerned. Figure 3 shows the specific total primary energy profiles for the evaluated week for case study 1 (blue line), 3 (green line), 4 (grey line) and 5 (black line). This is useful for comparing the energy savings achieved adopting a RHC compared to the references (case 1, case 3 and case 4), when ke =2.2.
The façade solution with the EC glazing (case 4, ke=2.2) has an energy consumption 29% lower than the best static solution (DGU 4, case 1), and 62% lower than the best static solution with internal shading devices to prevent glare (case 3), although with the same performance as far as glare is concerned. The highest energy saving is achieved in the cooling which is reduced by nearly 80% for both cases (4 and 6) , while lighting is only decreased by almost 60% with respect to case 3. When a RHC is adopted (case 5 and 7), the energy use could be reduced by a further 9-11% compared to the reactive control (case 4 and 6), with the highest energy saving achieved for cooling demand (63% compared to case 4).
No further energy saving could be achieved in case 8 compared to case 5, as no benefit arises in the cooling season by modulating the ke (controlling independently the visible and total solar transmission of the glazing). The benefits of modulating the ke should be significant during mid and heating seasons, but this deserves further investigation.
